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The Dose Rate of UVA Treatment Influences the
Cellular Response of HaCaT Keratinocytes
Julie Shorrocks1, Nigel D. Paul1 and Trevor J. McMillan1
The contribution of UV exposure to the etiology of skin cancer and photoaging is undisputed. However, the
effect of altering the intensity or dose rate of UV, which varies considerably with geographical location, the time
of day or year, and the use of sunscreens, is not understood. In this study, the effect of altering the dose rate of
UVA was investigated in the immortalized human keratinocyte cell line, HaCaT. Lowering the dose rate of UVA
resulted in increased cytotoxicity, which correlated with increases in both lipid peroxidation and DNA damage.
Furthermore, exposure at low dose rate did not appear to reduce the ability of UVA to induce the phenomenon
of persistent genomic instability. Pretreatment with the antioxidant vitamin E significantly protected against UVA
dose-rate effects observed with respect to lipid peroxidation and survival. Additionally, cell populations
irradiated at low dose rate exhibited a shift towards a more pro-oxidant state. Taken together, these
observations suggest an oxidative stress mechanism is underlying the UVA dose-rate effect. This study
demonstrates that dose rates must be included as a key factor when evaluating the biological effects of UVA,
especially considering the concerns, which exist regarding the efficacy and photostability of sunscreens to UVA.
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INTRODUCTION
Owing to its low absorption by DNA (Sutherland and Griffin,
1981), the UVA component of solar radiation was originally
believed to play a minor role in carcinogenesis. However,
UVA is able to inflict genotoxic and membrane damage
indirectly via a photosensitization mechanism and accord-
ingly has been demonstrated to be mutagenic and carcino-
genic (de Gruijl, 2000). The action spectrum for human non-
melanoma skin cancer, accepted by the Commission Inter-
nationale de l’Eclairage, shows that UVB is primarily
responsible for the induction of this form of cancer (de Gruijl
and Van der Leun, 1994). However, UVA and UVB were
recently demonstrated to contribute equally to the mutation
spectrum observed in human squamous cell carcinoma (Agar
et al., 2004) and the ability of UVA to induce oxidative stress
has been suggested to contribute to the promotion and
progression of photocarcinogenesis (Bachelor and Bowden,
2004; Halliday, 2005). UVA has also been implicated in the
etiology of malignant melanoma (Wang et al., 2001; Garland
et al., 2003). However, in a recent study, UVA failed to
induce melanomas in a transgenic mouse model, in spite of
induction by UVB (de Fabo et al., 2004).
The time of day, season of the year, geographical location,
and altitude all affect the intensity or dose rate of UV
reaching the earth’s surface, with the result that the highest
UV intensities occur at noon, in the summer months, at the
equator and at high altitude. In addition, UV intensities are
affected by local changes in cloud cover or atmospheric
pollution (Godar, 2005). The use of sunscreens also reduces
the intensity of UV reaching the skin. There is considerable
evidence that the correct use of sunscreens protects against
UV-induced erythema, carcinogenesis, and DNA damage
(Green et al., 1999; Bissonauth et al., 2000; Liardet et al.,
2001), but protection against DNA damage is not complete
(Bernard et al., 2000; Liardet et al., 2001). Traditionally,
sunscreens have protected against UVB and although many
now offer some protection against UVA, problems with
absorbance and photostability means protection has often
been unsatisfactory (Bernard et al., 2000; Bouillon, 2000;
Moyal et al., 2002). Furthermore, as a result of their
widespread misapplication (Stokes and Diffey, 1997; Berret
et al., 2002), sunscreens often allow an individual to remain
for longer periods in the sun (Autier et al., 1999) and hence
receive greater exposure to UVA at lower dose rates.
Although exposure to both UVA and UVB are known to
contribute to the deleterious effects of the sun, the effect of
changing the intensity of exposure on cellular end points,
such as survival and DNA damage, which ultimately
contribute to the development of the carcinogenic process,
is not clear. The Bunsen–Roscoe law of reciprocity states that
providing the cumulative dose administered remains the
same, the biological effect of radiation is the same regardless
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of the intensity at which exposure occurs (Bunsen and
Roscoe, 1863).
A small number of studies with contradictory results have
investigated whether the biological effects of UVB and UVC
vary with dose rate (Forbes and Davies, 1983; Kelfkens et al.,
1991; Sommer et al., 1996). Studies regarding UVA dose-rate
effects are also conflicting. Although lowering the dose rate of
UVA resulted in increased lipid peroxidation in a model
membrane system (Bose et al., 1989) and increased
cytotoxicity in cultured cells (Merwald et al., 2005),
reciprocity was fulfilled following irradiation of human
fibroblasts at 371C between dose rates of 10 and 40 J/m2/s
(Morliere et al., 1995).
We report here on studies in which the effect of altering
the dose-rate of UVA on various cellular end points has been
investigated utilizing the immortalized human skin keratino-
cyte cell line HaCaT.
RESULTS
Clonogenic survival following UVA irradiation at different dose
rates
Comparison of clonogenic survival in the immortalized
human keratinocyte cell line HaCaT (Lehmann et al., 1998)
following irradiation at a temperature of 41C with UVA at
dose rates ranging from 12 to 80 J/m2/s is illustrated in Figure
1a. An appropriate range of doses between 100 and 300kJ/m2
UVA were investigated at dose rates of 12, 22, 35, and 80 J/
m2/s, so that the total irradiation time did not exceed 3 hours.
This therefore limited the doses used at the lowest dose rates.
At each dose rate investigated, a characteristic dose–response
curve was observed, with decreased survival at higher doses
of UVA. However, a statistically significant inverse dose rate
effect was observed (two-way analysis of variance,
Po0.001), as survival decreased when the dose rate was
lowered.
Following a more rigorous assessment of the UVA dose-
rate effect at 41C, the effect of altering the dose rate of UVA
was investigated at only selected doses at 371C to ensure that
the inverse dose-rate effect also occurred at a more
physiologically relevant temperature (Figure 1b). Altering
the temperature of exposure from 4 to 371C had no effect on
the inverse dose-rate effect, with statistically significant
decreases in survival (two-way analysis of variance,
Po0.002) being observed when the dose-rate was lowered
for exposures of 200 and 300 kJ/m2.
Effect of dose rate on UVA-induced persistent genomic
instability
Studies with ionizing radiation have equated a reduction in
clonogenic survival in cells 7 days after treatment with a
persistent genomic instability (PGI) phenotype (Chang and
Little, 1991). We have previously demonstrated that irradia-
tion with 100 kJ/m2 UVA at a dose rate of 80 J/m2/s can also
induce this phenomenon (Phillipson et al., 2002). The dose-
rate dependence of PGI following exposure to 100 and
200 kJ/m2 UVA is illustrated in Figure 2a and b, respectively.
A reduction in survival, 7 days following irradiation, was
observed following all the treatments, although in the case of
the 200 kJ/m2 exposure at 80 J/m2/s, this was not significant.
When the 80 J/m2/s dose rate was used, the higher survival
observed following 200 kJ/m2 is consistent with the loss of a
strict dose–response relationship as previously reported for
the induction of non-targeted effects of ionizing radiation
(Seymour and Mothersill, 2000).
In each independent experiment performed, irradiation at
the lower dose-rate reproducibly resulted in lower survival 7
days following irradiation than an equidose treatment at the
higher dose rate (Po0.05 paired t-test). For example, at
200 kJ/m2, the dose-rate effect was pronounced, as a decrease
of at least 16% was observed in each independent experi-
ment when the dose rate was lowered from 80 to 22 J/m2/s
(P¼0.068 Bonferroni t-test).
Effect of dose rate on UVA-induced micronucleus formation
Micronucleus formation, quantified 24 hours following sham
irradiation or exposure to 200 kJ/m2 UVA at dose rates of 80
and 22 J/m2/s is illustrated in Figure 3. The first three bars at
each dose rate represent the data from three individual
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Figure 1. Clonogenic survival in HaCaT following UVA irradiation at
different dose rates. Comparison of clonogenic survival in HaCaT following
UVA irradiation at a temperature of (a) 41C at dose rates of 80, 35, 22, and
12 J/m2/s and (b) 371C at dose rates of 80, 35, and 22 J/m2/s. Each point
represents the mean7SEM of between 3 and 10 independent experiments,
with the exception of the 100 kJ/m2 treatment at a dose rate of 22 J/m2/s in (a)
where the data were obtained from two independent experiments.
Significantly different from 80 J/m2/s dose rate (Bonferroni t-test *P¼ 0.001
**Po0.05).
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experiments, whereas the fourth bar represents the mean
7SEM on combination of the independent experiments.
UVA treatment at both dose rates enhanced the frequency of
micronuclei over spontaneous levels. Furthermore, in each
independent experiment, irradiation at a dose rate of
22 J/m2/s resulted in, on average, an additional increase in
micronucleus formation of 1.5370.23 above the levels
observed at the higher dose rate of 80 J/m2/s. This represents
a statistically significant increase in micronucleus formation
from 2.4970.57 at 80 J/m2/s to 4.070.65 at 22 J/m2/s. An
increase in micronucleus formation was also observed when
the dose rate was lowered from 80 to 12 J/m2/s at a constant
dose of 100 kJ/m2, although this was not as pronounced (data
not shown).
Effects of dose rate on UVA-induced lipid peroxidation
The concentration (mM/mg of protein) of the short-chain
aldehydes, malondialdehyde (MDA), and 4-hydroxynonenal
(4-HNE), which are by-products of lipid peroxidation, were
quantified immediately following sham irradiation or ex-
posure to 100 kJ/m2 UVA at dose rates of 80 and 12 J/m2/s and
200 kJ/m2 UVA at dose rates of 80 and 22 J/m2/s (Figure 4).
Irradiation with 100 kJ/m2 UVA resulted in slightly elevated
levels of MDA/4-HNE and this increase was higher after
irradiation at the lower dose rate of 12 J/m2/s. Irradiation with
200 kJ/m2 UVA resulted in a statistically significant increase
in the levels of MDA/4-HNE at both dose rates investigated
(Bonferroni t-test, Po0.01) and again the lower dose rate of
22 J/m2/s produced the highest levels of MDA/4-HNE
(Bonferroni t-test P¼0.001).
Intracellular availability of reactive oxygen species observed
immediately following pretreatment with different dose rates of
UVA
Figure 5 illustrates the change in carboxydichlorofluorescein
(carboxy-DCF) fluorescence observed from a typical
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Figure 3. The effect of dose rate on micronucleus induction. The effect
on micronucleus induction of irradiating with 200 kJ/m2 UVA, at dose rates
of 80 and 22 J/m2/s. Each bar represents the fold increase, over unirradiated
values, in the number of micronuclei per 100 binucleate cells. The first three
bars at each dose rate illustrate the data obtained from three independent
experiments. The fourth bar illustrates the mean7SEM for the data
presented in bars 1–3. *Significantly different from 80 J/m2/s dose rate
(paired t-test P¼ 0.02).
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Figure 2. The effect of dose rate on UVA-induced PGI. The effect of altering
the dose rate on UVA-induced PGI, quantified by clonogenic survival 7 days
following irradiation at 41C. The effect of irradiating with 100 kJ/m2 UVA at
dose rates of 80 and 12 J/m2/s and 200 kJ/m2 UVA at dose rates of 80 and
22 J/m2/s is illustrated in (a and b), respectively. Each point represents the
mean of at least three independent experiments7SEM. *Significantly different
from unirradiated (Bonferroni t-test Po0.05). **Significantly different from
80 J/m2/s dose rate (paired t-test Po0.05).
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Figure 4. The effect of dose rate on lipid peroxidation. The effect of altering
the dose rate of UVA on lipid peroxidation, quantified as the concentration of
MDA/4-HNE (mM/mg of protein). Each bar represents the fold increase in the
mean concentration of the lipid peroxidation by-products MDA/4-HNE
obtained from three independent experiments,7SEM, in comparison with the
unirradiated sample from the same experiment. *Significantly different from
unirradiated (Bonferroni t-test Po0.01). **Significantly different from 80 J/m2/s
dose-rate (Bonferroni t-test P¼ 0.001).
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experiment following 100 kJ/m2 UVA at dose rates of 80
and 12 J/m2/s and 200 kJ/m2 UVA at 80 and 22 J/m2/s. A dose-
dependent increase in carboxy-DCF fluorescence was
observed following UVA irradiation. Furthermore, at both
doses, the low dose rate produced a bigger increase than the
high dose rate. Increasing the dose of UVA from 100 to
200 kJ/m2 at a dose-rate of 80 J/m2/s (Students t-test, P¼ 0.02),
and lowering the dose rate of a 200 kJ/m2 treatment from 80
to 22 J/m2/s (Student’s t-test, P¼0.036) both resulted in
statistically significant increases in carboxy-DCF fluorescence
(Table 1).
These effects could not be attributed to UVA-induced
changes in autofluorescence, 5-(and 6-) carboxy-2070-dichlor-
odihydrofluorescein (carboxy-H2DCF) auto-oxidation or in-
tracellular leakage of carboxy-DCF (Royall and
Ischiropoulos, 1993) (data not shown). Furthermore, the
dose-rate effect was not an artefact arising from the time
difference between the initiation of irradiation with different
dose rates and the addition of the carboxy-H2DCF diacetate
(data not shown).
The effect of vitamin E pretreatment on UVA-induced cell
survival and lipid peroxidation
The effects on clonogenic survival of pretreating with 0.1mM
vitamin E for 24 hours, before irradiating with 100 kJ/m2 UVA
at dose rates of 80 and 12 J/m2/s and 200 kJ/m2 UVA at dose
rates of 80 and 22 J/m2/s are illustrated in Figure 6. In the
absence of vitamin E, reducing the dose rate of 100 and
200 kJ/m2 UVA resulted in a statistically significant reduction
in survival (Students t-test, Po0.05, also Figure 1a). Pretreat-
ment with vitamin E was unable to protect against 100 kJ/m2
at 80 kJ/m2/s. However, it completely abolished the dose-rate
effect observed when the dose rate was lowered to 12 J/m2/s.
Following 200 kJ/m2 at 80 J/m2/s, although pretreatment with
vitamin E resulted in increased survival in each experiment
performed, this was not significant. When the dose rate was
lowered to 22 J/m2/s, vitamin E was able to significantly
protect against the dose-rate effect observed without vitamin
E. The dose-rate effect was not completely abolished,
however, as a small but statistically significant (Students
t-test, Po0.05) difference in survival remained.
The ability of vitamin E to protect against the increase in
MDA and 4-HNE observed following irradiation with 200kJ/m2
UVA at dose rates of 80 and 22 J/m2/s was also investigated.
Unirradiated cells pretreated with vitamin E exhibited a
0.5470.07-fold decrease in MDA/4-HNE, compared with
unirradiated cells without vitamin E. Irradiation of vitamin E
pretreated cells with 200 kJ/m2 UVA at 80 J/m2/s resulted in a
slight increase in MDA/4HNE to 0.9870.11, compared with
vitamin E pretreated unirradiated cells, which was not
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Figure 5. The effect of dose rate on carboxy-DCF fluorescence. The change
in carboxy-DCF fluorescence observed within a typical experiment as
a result of irradiating with various doses and dose rates of UVA. Different
irradiation treatments are illustrated by the different colored curves
’ – unirradiated, – 100 kJ/m2 at 80 J/m2/s, – 100 kJ/m2 at 12 J/m2/s,
– 200 kJ/m2 at 80 J/m2/s and — – 200 kJ/m2 at 22 J/m2/s.
Table 1. Comparison of the fold increase in carboxy-
DCF fluorescence on addition of carboxy-H2DCFDA
immediately following irradiation with various UVA
treatment regimes
UVA treatment
(dose\dose rate)
Carboxy-DCF fluorescence (fold increase
over unirradiated)
(mean7SEM)
100 kJ/m2\80 J/m2/s 1.3170.10
100 kJ/m2\12 J/m2/s 1.4370.07
200 kJ/m2\80 J/m2/s 1.7670.09
200 kJ/m2\22 J/m2/s 3.3670.59
Abbreviations: carboxy-DCF, carboxydichlorofluorescein; carboxy-
H2DCFDA, 5-(and 6-) carboxy-2
070-dichlorodihydrofluorescein diacetate.
The geometric mean of the fluorescence histogram obtained for each UVA
treatment as illustrated in Figure 5 was calculated and expressed as the
fold increases above unirradiated values from the same experiment. The
values for carboxy-DCF fluorescence represent the mean increase
obtained from at least three independent experiments, 7SEM.
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Figure 6. The effect of pretreatment with vitamin E on the dose-rate effect.
The effect of pretreatment with 0.1mM vitamin E on the dose-rate effect
observed with respect to clonogenic survival following irradiation with 100
and 200 kJ/m2 UVA, – 80 J/m2/s, – 12 J/m2/s, and & – 22 J/m2/s. In each
case, survival following UVA exposure was calculated as a proportion of that
observed in unirradiated cells exposed to the same vitamin E treatment. Each
bar represents the mean of three experiments,7SEM. Significantly different
from equivalent treatment without vitamin E (Students’ t-test *Po0.05,
**Po0.01).
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apparent following irradiation at the lower dose rate of
22 J/m2/s (0.5970.29). Consequently, pretreatment with
vitamin E abolished the effect of dose rate on the level of
MDA/4-HNE observed following irradiation with 200 kJ/m2
UVA.
DISCUSSION
Altering the dose rate of UVA exposure within the dose range
of 0–300 kJ/m2 resulted in an inverse dose-rate effect, whereas
reducing the dose-rate increased cell kill. This effect was not
temperature dependent as similar effects were observed at
both 37 and 41C. Consistent with this study, similar effects
have also been observed following UVA (Merwald et al.,
2005) and ionizing radiation (Mitchell et al., 1979, 2002;
Przybyszewski et al., 2002; Collis et al., 2004).
In their recent study, Merwald et al. (2005) reported that
reducing the dose rate of UVA increased cytotoxicity,
measured by the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenylte-
trazolium bromide assay 24 hours post-irradiation. The dose
and dose rates used were considerably higher than this study
(600 kJ/m2 at dose rates of 600 and 250 J/m2/s) and therefore
in addition to supporting our findings, suggested that the UVA
inverse dose-rate effect may be observed over a wider dose
and dose-rate range than investigated here. The Merwald
study also observed increased cytotoxicity when a single dose
was split into four equal exposures, providing the time
between exposures was 2 hours or less. Increasing the time
between the exposures to 4 hours decreased cytotoxicity.
UVA-induced cytotoxicity arises as a consequence of
damage to both DNA and membranes (Morliere et al., 1997);
accordingly, it was important to investigate the contribution
of both these cellular end points to the dose-rate effect.
Furthermore, although UV-induced cell death may prevent
the accumulation of mutations (Ziegler et al., 1994),
decreased survival following low dose-rate ionizing radiation
correlated with increased mutation frequencies (Brenner
et al., 1996). The doses of UVA used in this study were not
high enough to achieve measurable mutation frequencies
(Tobi et al., 2002), so PGI was used as an end point linked to
mutation.
PGI, characterized by increased micronuclei formation,
mutation rates, and delayed cell death, over multiple
generations following irradiation is observed following
100 kJ/m2 UVA irradiation at 85 J/m2/s (Phillipson et al.,
2002). In this study, at both doses investigated the level of
survival observed was statistically significantly lower, when
irradiation was performed at the lower dose rate. These
results imply that UVA irradiation at lower dose rates
enhances the ability of UVA to induce the PGI phenotype.
Thus, irradiating with lower dose-rate UVA may not reduce
the carcinogenic effectiveness of the treatment.
To assess DNA damage, the cytokinesis block micro-
nucleus assay was performed in which acentric chromosomal
fragments and/or whole chromosomes that fail to segregate
during cell division are manifested as micronuclei (Emri et al.,
2000; Fell et al., 2002; Phillipson et al., 2002; Shorrocks
et al., 2004). With UVA, the source of these fragments is not
clear and although directly induced DNA double-strand
breaks have been reported (Peak and Peak, 1990), the
majority of micronuclei are believed to occur indirectly, as a
result of processing/repair of UVA-induced single-strand
breaks and/or base damage (Jenner et al., 2001; Fell et al.,
2002; Rapp and Greulich, 2004).
Lowering the dose rate of both 100 (data not shown) and
200 kJ/m2, UVA exposures reproducibly resulted in an
increased frequency of micronuclei in comparison with
irradiating at a higher dose rate, within the same experiment.
An inverse dose-rate effect with respect to micronuclei
formation has also been observed following very low dose-
rate ionizing radiation (Przybyszewski et al., 2002). The
origin of the increased micronuclei frequency observed
following low dose-rate UVA irradiation was not determined
in this study.
The effect of altering the dose rate of UVA on membrane
damage was assessed by measuring the short-chain aldehyde
by-products of lipid peroxidation, MDA, and 4-HNE. Both
MDA and 4-HNE are biologically active in their own right,
and therefore potentially contribute to the activation of the
stress response and the induction of DNA damage (Esterbauer
et al., 1990; Uchida et al., 1999), including the mutagenic
and carcinogenic effects associated with oxidative stress
(Martinez et al., 2003) and the progression of UV-induced
skin aging and carcinogenesis (Tanaka et al., 2001; Sander
et al., 2003).
Irradiation with 200 kJ/m2 UVA resulted in a statistically
significant increase in MDA/4-HNE immediately following
irradiation, when the lower dose rate was utilized. This is
consistent with an inverse dose-rate effect with respect to
lipid peroxidation that was observed following UVA irradia-
tion of a liposomal membrane (Bose et al., 1989) and
following ionizing radiation in both model membranes
(Konings, 1979; Agarwal and Chatterjee, 1984) and cultured
cells (Przybyszewski et al., 2002). The effect was attributed to
increased propagation of lipid peroxidation in conjunction
with decreased termination of the reaction following irradia-
tion at lower dose rates (Bose et al., 1989; Stark, 1991).
Accordingly, in this study, pretreatment with vitamin E,
which functions as a chain breaking antioxidant, scavenging
peroxyl produced during the propagation step of lipid
peroxidation (Niki, 1987), reduced the concentration of
MDA/4HNE observed following low dose-rate irradiation to
control levels. In contrast, Morliere et al., (1995) demon-
strated that reciprocity was fulfilled following UVA irradia-
tion of human fibroblasts. However, they did state that
increasing the dose rate to 85 J/m2/s led to a decrease in lipid
peroxidation, although the data were not included in the
paper (Morliere et al., 1995).
The induction of PGI (Phillipson et al., 2002), DNA
damage (Zhang et al., 1997), and lipid peroxidation (Vile and
Tyrrell, 1995) by UVA are all mediated by photosensitized
generation of reactive oxygen species (ROS). Using the
fluorogenic probe carboxy-H2DCF diacetate to measure
intracellular ROS availability, higher levels of ROS were
measured immediately following low dose-rate UVA irradia-
tion, indicating a shift to a pro-oxidant state. Furthermore, this
effect was observed up to 4 hours post-irradiation (data not
www.jidonline.org 689
J Shorrocks et al.
Dose-Rate Effects Following UVA
shown). The wide range of species that can react with
carboxy-H2DCF (Hempel et al., 1999) means that the precise
species involved cannot be inferred, although possible
candidates could include by-products of lipid peroxidation,
which have previously been demonstrated to oxidize
carboxy-H2DCF (Wang and Joseph, 1999). However, as the
amount of carboxy-DCF fluorescence observed depends on
the balance between the intracellular levels of ROS, carboxy-
H2DCF, and antioxidants, the increased carboxy-H2DCF
oxidation observed may also partially reflect a greater
reduction in antioxidant status following low dose-rate
irradiation.
Although a complex system of antioxidant defence exists
to protect the cell against the damaging effects of UVA-
induced ROS, these defences are not limitless and when
exhausted ROS production results in oxidative stress (Davies,
1995). Pretreatment with the lipophilic antioxidant vitamin E
to enhance the intracellular antioxidant defence system was
able to completely abolish the increased cytotoxicity
observed following a 100 kJ/m2 UVA exposure at low dose
rate. Furthermore, although vitamin E pretreatment prevented
the increase in MDA/4HNE and significantly reduced the
increase in cytotoxicity observed following low dose-rate
irradiation with 200 kJ/m2 UVA, a small but significant dose-
rate effect with respect to survival remained.
The increased ROS availability following low dose-rate
irradiation and the modulation of the dose-rate effects by
vitamin E suggests that irradiation at low dose rate results in
increased ROS production and consequently greater deple-
tion of the antioxidant defence system than observed
following an equidose exposure at high dose rate. The
increased ROS production at low dose rate could result from
increased propagation of lipid peroxidation as discussed
above. Alternatively, the cellular photosensitisers, which
mediate the production of UVA-induced ROS, may be
saturated at high dose rate, but not at low dose rate, with
the effect that at a high dose rate, some of the UVA energy is
‘‘wasted’’ effectively.
The UVA inverse dose-rate effect in HaCaT was not
temperature dependent and consequently a repair mecha-
nism was less likely to be underlying the effect. However,
limited repair of UVA-induced damage has been demon-
strated at 41C (Bock et al., 1998). Furthermore, reduced levels
of the DNA double-strand break sensor gH2AX together with
a failure to activate (ATM, Collis et al., 2004) or upregulate
repair at low dose rates have been hypothesized to underlie
the inverse dose-rate effect observed following low dose-rate
ionizing radiation (Mitchell et al., 2002; Collis et al., 2004).
Consequently, as ATM has been implicated in the UVA DNA
damage response (Zhang et al., 2002), a role for repair in the
UVA dose-rate effect described here should not be ruled out.
An alternative mechanism suggested to underlie the
ionizing radiation inverse dose-rate effect was accumulation
of cells during prolonged irradiation in the more radio-
sensitive G2 phase of the cell cycle (Mitchell et al., 1979;
Hall and Brenner, 1991). However, in these experiments,
ionizing irradiation was prolonged for over 20 hours in
comparison with the 3 hours used in this study (Mitchell
et al., 1979). Furthermore, as no difference in cell-cycle
distribution was observed immediately following irradiation
with 80 and 35 J/m2/s (data not shown), this mechanism is
unlikely to be underlying the UVA inverse dose-rate effect
observed in this study.
This study demonstrates that the dose rate at which UVA
exposure occurs is of considerable importance when
evaluating the biological effects of exposure to UVA and
consequently poses important questions that should be
considered in the debate concerning the widespread use of
sunscreens and their formulation.
MATERIALS AND METHODS
Cell culture
The immortalized human skin keratinocyte cell line HaCaT (kindly
donated by N Fusenig, German Cancer Research Center, Heidel-
berg, Germany) was routinely cultured in DMEM (Invitrogen,
Paisley, UK) supplemented with 10% fetal calf serum (Sigma-
Aldrich, Poole, UK), 100U/ml penicillin, and 100mg/ml strepto-
mycin (Invitrogen) and maintained at 371C in a 95% air/5%
CO2-humidified incubator.
Irradiation
Broadband UVA irradiation was carried out using an array of Philips
TLR 36W ‘‘blacklights’’ tubes (Starna Ltd, Romford, UK) surrounding
a temperature controlled metal plate. Wavelengths below 320 nm
were filtered out using polyester film (No 130 clear, Lee Filters,
Andova, UK, spectrally equivalent to Mylar). The spectral irradiance
ranged from approximately 330 to 400 nm with a peak output at
365 nm. The dose rate was measured using a double monochro-
mator spectrophotometer (model SR991-PC, Macam Photometrics,
Livingston, UK). Reduction of the dose-rate was achieved by placing
custom made filters over the tissue-culture flasks. These filters
reduced the intensity of UVA, without altering the spectral
distribution, to which the cell populations were exposed.
Exponential growth phase cultures of HaCaT at 50–75%
confluence were UVA irradiated in phosphate-buffered saline at
dose rates ranging from approximately 12 to 80 J/m2/s at tempera-
tures of 4 and 371C. At each dose rate used, an appropriate range of
doses between 100 and 300 kJ/m2 UVA were chosen, so that the
total irradiation time did not exceed 3 hours. Longer exposure times
were not investigated due to concerns over loss of viability due to
long periods of time in phosphate-buffered saline. Unirradiated
samples and those with shorter irradiation times were maintained in
phosphate-buffered saline at the appropriate temperature for the
same time, as the longest exposure to ensure that any differences
observed occurred because of altering the dose rate, rather than
increased time in phosphate-buffered saline.
Clonogenic survival assays
Following irradiation, the cells were harvested and seeded in
triplicate, with two appropriate numbers of single cells depending
on the treatment given, and incubated at 371C in 95% air/5% CO2.
After 7 days, the resulting colonies were fixed in 70% ethanol (VWR,
Lutterworth, UK) and stained with 5% Giemsa (Sigma-Aldrich). For
each dish, the number of colonies, which contained in excess of 50
cells, was counted and the plating efficiency and surviving fraction
compared with unirradiated controls calculated.
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PGI
Following irradiation, each sample was re-incubated in conditioned
medium (the medium in which they had previously been growing
before irradiation) at 371C in 95% air/5% CO2. By 24 hours post-
irradiation, unirradiated samples were confluent, and therefore each
sample was harvested and seeded in fresh medium and incubated at
371C in 95% air/5% CO2, for a further 6 days before assaying for
clonogenic survival as outlined above.
Micronucleus formation
Exponentially growing HaCaT, seeded 5 hours previously on tissue
culture coverslips (Sarstedt, Leicester, UK) were UVA irradiated as
outlined above. Following irradiation and incubation in fresh
medium containing 2 mg/ml cytochalasin-B (Sigma-Aldrich) for
24 hours at 371C in 95% air/5% CO2, each sample was washed in
phosphate-buffered saline, fixed in 70% ethanol (VWR) for
30minutes and stained in 5% filtered Geimsa (Sigma-Aldrich) for
30minutes. Coverslips were destained in dH2O and mounted onto
glass slides with DPX mountant (Sigma-Aldrich). When possible, a
minimum of 1000 binucleate cells were scored in total from two to
four slides per treatment. The number of micronuclei, identified
according to the criteria outlined by Fenech (2000), in each
binucleate cell was scored.
Lipid peroxidation assay
Immediately following irradiation, each sample was trypsinized,
centrifuged at 260 g for 5minutes and resuspended in 220 ml of
dH2O at a concentration of approximately 3 106 cells per sample.
Samples were lysed by freeze thawing in liquid nitrogen three times
and a 20ml aliquot was removed from each sample for subsequent
analysis of total protein using the Bio-Rad assay (according to
manufacturer’s instructions, Bio-Rad Laboratories Ltd, Hemel
Hempstead, UK). Samples were immediately assayed for total
MDA and 4-HNE content using a colorimetric assay as per the
manufacturer’s instructions (Calbiochem, Merck Biosciences Ltd,
Nottingham, UK). This assay involves the use of a chromogenic
reagent N-methyl-2-phenylindole in acetonitrile (R1), which reacts
at 451C with MDA and 4-HNE (2 R1:1 MDA/4-HNE) to yield a stable
chromophore with maximal absorbance at 586 nm. Diluted R1
(650ml) (3 R1:1 ferric ion in methanol) was added to 200ml sample
and vortexed. The acid solvent R2 (150ml) (methanesulfonic acid)
was added, each sample was mixed well and incubated in sealed
tubes at 451C for 60minutes. Samples were cooled on ice and
centrifuged at 13,000 g for 10minutes to remove any cellular
debris. Absorbance at 586 nm in the supernatant of each sample was
measured using a Lambda 14 UV/VIS Spectrometer (Perkin Elmer,
Beaconsfield, UK). Alongside each set of samples analyzed, the
absorbance readings of MDA standards ranging from 0 to 5 mM were
measured and a standard curve plotted, from which the concentra-
tion of MDA/4-HNE in each sample was calculated. To account for
any variation in cell numbers within different samples, the con-
centration of MDA/4-HNE was normalized for total protein content.
Measurement of intracellular free radical availability post-UVA
irradiation using the fluorogenic probe carboxy-H2DCF
diacetate
Stock solutions of carboxy-H2DCF diacetate (Molecular Probes,
Invitrogen, Paisley, UK) in dimethyl sulfoxide (Sigma-Aldrich), stored
at 201C, were purged with argon after each use to minimize
oxidation. Following irradiation, each sample was washed in
Hank’s-buffered saline solution, before incubating with 20 mM
carboxy-H2DCF diacetate in Hank’s-buffered saline solution, at
371C in 95% air/5% CO2, for 20minutes. The cells were then
trypsinized, resuspended in Hank’s-buffered saline solution and
counterstained with 4mg/ml propidium iodide. As uptake of
propidium iodide only occurs on loss of membrane permeability,
propidium iodide counterstaining resulted in the viable subset of the
population being easily distinguished. Samples were analyzed
immediately using a Becton Dickinson FACSCaliber Flow Cytometer
(Becton Dickinson, Oxford, UK). Carboxy-DCF fluorescence was
detected using the FL1 detector in conjunction with a 530/30 nm
bandpass filter. Propidium iodide fluorescence was detected using
the FL3 detector in conjunction with a 650 nm longpass filter to
avoid interference between the fluorescence emissions of the two
fluorochromes.
Vitamin E treatment
Cells were pretreated with 0.1mM vitamin E (dl a-tocopherol, Sigma)
for 24 hours. Following investigations utilizing a range of vitamin E
concentrations from 0.1 to 2mM, a concentration of 0.1mM was
determined to provide maximal protection against UVA exposure
with minimal levels of cytotoxicity. As stock solutions of vitamin E
were diluted in 100% ethanol, the concentration of ethanol in the
medium was 1% and therefore the 0mM treatment was also treated
with 1% ethanol to ensure that any effects observed were due to
exposure to vitamin E rather than ethanol. At the end of the
pretreatment, the medium containing the vitamin E was removed
and each sample was washed four times to remove any traces of
vitamin E, before irradiation as outlined above.
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